InSb nanowire arrays have been fabricated by direct current electrodeposition inside the nanochannels of anodic alumina membranes without subsequent annealing. After Au contacts were patterned to the nanowires using electron beam lithography, photoresponse studies were conducted. Absorbance peaks were also recorded from free suspending nanowires. A significant response was observed when the wires were exposed to visible light and infrared absorption peaks were observed during absorption experiment. Comparisons were also made between single and multiple nanowires' responses. The nanowires also conduct almost no current in the dark, but when hit with light, they conduct 10,000 times more current. This photoconducting property could lead to a variety of tiny optoelectronic devices potentially useful in future generations of nanoelectronics and chemical sensors.
INTRODUCTION
InSb is well known for its direct narrow band gap (0.18 eV at 300 K) and various applications in electronic and optoelectronic devices with a very high electron mobility (8 × 10 4 cm 2 V −1 s −1 at 300 K) electron velocity, and ballistic length (up to 0.7 m at 300 K) of any known semiconductor except possibly for carbon nanotubes and ideal candidates for detector arrays operating in the infrared wavelength, high-speed electronic devices, and magnetoresistive sensors. 1 In the past few years, there has been increasing interest in nanostructural III-V semiconducting materials due to their potential applications. Different methods have been used to fabricate the nanowires, such as vapor-liquid-solid (VLS), physical vapor deposition (PVD), and hydrothermal methods. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Comparatively, the pulsed electrodeposition process, using anodic alumina membranes (AAM) as template, is an effective and inexpensive method to fabricate nanowires. However, although it is considered that the electrodeposition of high quality compound InSb with precise stoichiometry at ambient temperature from aqueous solutions is a challenge, it is surprising that only a few studies on this important issue have been reported. [16] [17] [18] [19] [20] Other than thin films on a substrate, * Author to whom correspondence should be addressed.
nanowires and nanocables synthesis of InSb by simple electrodeposition in anodic alumina membrane have been reported. Transport properties along with thermal properties of InSb nanowires have been shown very recently. [21] [22] [23] [24] [25] But these properties were reported only for the whole template or membrane embedded with nanowires and single nanowire properties are not measured or reported so far. Also, no attention has been given to the photoconducting properties of InSb nanowires despite the exciting possibilities for using InSb nanowires in optoelectronic circuits or as infrared detectors. Very recently synthesis and characterization of single crystalline InSb nanowires that were grown epitaxially on InSb (111) substrate using Au as the metal catalyst have been reported. But it is reported that the In-Sb-Au ternary phase diagram is not only complex, but sufficient literature results for this system are lacking. Thus, it is not possible to determine the eutectic point for this ternary system and thus it is not possible to unambiguously assign VLS as the growth mechanism at this point. 26 Recently Intel and QinetiQ reports that benchmarking against state-of-the-art Si MOSFET's indicates InSb QW transistors can achieve equivalent high speed performance with 5∼10 times lower dynamic power dissipation and therefore are a promising device technology to complement scaled silicon-based devices for very low power, ultra-high speed logic applications. This performance can be accessed at room temperature using minority carrier exclusion and extraction technology, which mitigates the effect of the narrow band-gap on device leakage and breakdown and was earlier demonstrated in a MISFET device, using an InSb device layer on an InSb substrate with a deposited SiO 2 gate oxide. 29 NWs unlike thin films can be controlled in FET-like manner and can be designed with selectively gateable regions. This can all be done without relying on ultrafine lithography to create the nanoscale feature sizes. Consequently, these techniques promise smaller feature sizes and an alternate, more economical path to atomic-scale computing structures than top-down lithography. 30 Nevertheless, the study of the fabrication and electrical transport properties of single crystalline InSb nanowires is still rare. Because the melting point of bulk InSb is fairly low (∼525 C), this material presents a good candidate for high quality growth from an aqueous solution at or near room temperature. Here, according to the knowledge of the author for the first time we show the possibility of creating highly sensitive InSb nanowires by exploring the electrical transport properties and photoconducting properties of individual semiconductor nanowires which are prepared by simple electrochemical deposition with the possibility of changing the composition. We have synthesized InSb nanowires with single-crystal structures, diameters as small as 30 to 200 nanometers by electrochemical deposition in the porous anodic alumina template and exploring the possible applications for nanoelectronics devices such as field effect transistors and Infrared photodetectors.
EXPERIMENTAL DETAILS
The AAMs were purchased from Whatman The as-synthesized products were characterized by X-ray diffraction (XRD) machine (Company: Bruker AXS. Model: D8 Advance), Transmission electron microscope (Company: FEI. Model: CM 300), and Scanning electron microscope (Company: JEOL. Model: JSM-6300) equipped with Energy dispersive X-ray spectroscopy, UV/VIs System for absorbance measurements (Company: Perkin Elmer. Model: Lambda 35). For TEM analysis, the products were immersed in 3 M NaOH solution for several minutes and washed with distilled water to remove the dissolved AAMs and the remaining NaOH solution; the nanowires were dispersed in deionized water. Then, drops of the solution were dripped onto copper grids coated with holey carbon film. For SEM observation the products were treated with 3 M NaOH for about 30 mins and washed with distilled water then was placed on Si substrate with carbon tape.
RESULTS AND DISCUSSION
SEM observations in Figure 1(a) shows that the InSb nanowires are uniformly distributed, highly ordered, One can see that the intensity of the diffraction peak at 2 = 39 34 is relatively stronger than the other diffraction peaks, demonstrating that the InSb nanowires deposited in AAM grow preferentially along [220] crystal direction. The TEM images of one single InSb nanowire released from AAMs is shown in Figure 2(a) . The corresponding selected-area electron diffraction (SAED) pattern indicates that the InSb nanowires are single crystalline in Figure 2 (b). The SAED pattern was taken along the nanowires at different points and it was found that the pattern changes along the length of the nanowires. This means that the nanowires are single crystal with a slight structural deformation along the length which is seen in the HRTEM image in Figure 2(c) . The defect formation in InSb nanowires should be considered because the defects can interrupt the carrier transport and optical characteristics of the nanowires. 31 The TEM image also showed an amorphous sheath covering the InSb single crystal, which we believe is due to post-growth room temperature oxidation. The corresponding SAED pattern of Figure 2 (c) is shown in Figure 2(d) depicting the twinning pattern present in the crystal structure. It is obvious that optical property of the InSb nanowires is tunable by controlling the twinning defects concentration. 32 The electronic property of InSb nanowires could be controlled from semiconductor to metallic by introducing vacancies/defects as described for ZnO nanowires. 33 The deformations may be due to the release process of nanowires from the membrane and further study of annealing will be reported separately. Numbered grids were written onto a silicon wafer using electron beam lithography technique (EBL). The synthesized InSb nanowires were suspended in deionized water and transferred onto each grid. A scanning electron microscope was used to locate and image the deposited wires. With the images as reference, contacts to the nanowires were designed using a SEM/E-beam Lithography system (Company: Carl Zeiss. Model: Leo SUPRA 55). The Si chip was spin-coated with a polymer resist layer (PMMA) for using with electron beam lithography, which involves exposing the resist layer to high-energy electrons in a pattern defined by the drawing programmed in the lithography system. Through developing, the resist is removed from the exposed areas. A layer of Au is evaporated for contacts to the measurement devices. After Au is deposited, the remaining polymer is removed using acetone and the EBL contacts were made (Fig. 4(a) ). Another batch of nanowires were used to the same silicon chip with numbered grid but the contacts between the grids and the nanowires were drawn using Focused ion beam (FIB) technique by drawing platinum lines. Thus the FIB contact is ready for measurements ( Fig. 3(a) ).
Electrical measurements were made using a Semiconductor Parameter Analyzer (Company: Agilent (Fig. 3(b) ). Figure 3(b) shows clearly that the resistivity of the nanowire is dependent on temperature.
Since the FIB contacts behave like an ohmic contact unlike the EBL contact, the resistance was approximated using simple ohms law. The resistances for each temperature measurements were averaged assuming an ohmic contact. The resistance shown in Figure 3 (c) is actually (dI/dV) −1 and a normalized temperature dependent resistance R T /R (300 K) was plotted against temperature ( Fig. 3(c) ) which shows that below room temperature InSb nanowire exhibits negative temperature co-efficient of resistance. Current was also measured while light was projected on the NW device. Tungsten Halogen Lamps were used for illumination which gives high VIS-NIR output with a smooth spectrum and stable output. The melting point of tungsten (3383 C) does not allow the peak to be shifted into the visible. At the highest practicable temperatures, this peak is at about 850 nm. The visible region ends at 780 nm. In this case about 20% of the total radiation is given off as "light," about 0.3% in the UV region, and the rest (the majority) as heat. I-V curves were also acquired in absence of light. The I-V curves exhibit a nonlinear characteristic and might be referred to the Au/InSb/Au junction structure (Fig. 4(b) ). The measured current under exposure of light is almost ten thousand times of that in the dark. UV/VIs System was used for absorbance measurements of an ensemble of nanowires suspended in water and the near infrared peaks at 898 nm and 968 nm shows sensitivities of the InSb nanowires. The absorbance measurements were done using the UV/VIs System (Company: Perkin Elmer. Model; Lambda 35) on an ensemble of nanowires suspended in deionized water. Very recently Infrared absorption spectra of InSb nanowire arrays with different diameters have been showed. 24 One can see that the optical absorption edge moves to short wavelength region with decreasing the diameter. This blue shift could be the size effect or the quantum confinement effect. But in our case we could not measure the infra red absorption due to the limitation of the equipment. The peaks value are shown just to isolate the absorption peaks observed. Since bulk InSb absorbs in far infra red wavelengths, it seems that reducing the size of the nanowire has a blue shift effect on the absorption; which needs to be studied more using broader range of wavelengths.
CONCLUSION
In summary, near-stoichiometric InSb nanowires have been synthesized by using dc electrodeposition inside the nanochannels of AAMs. Achievement of better control of stoichiometry than demonstrated here may be possible and will be important for future device applications. The nanowires also conduct almost no current in the dark, but when hit with light, they conduct significantly higher current and this observation can comprise of both light contribution and thermal contribution which needs to be studied further. This photoconducting property could lead to a variety of tiny optoelectronic devices potentially useful in future generations of nanoelectronics and chemical sensors and eventually provide clues to the fabrication of tiny photodetectors. The light-induced conductivity increase might allow us to reversibly switch the nanowires between OFF and ON states, an optical gating phenomenon analogous to the commonly used electrical gating and can lead to applications in High Electron Mobility Transistors in future.
